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ASSTR ACT  fCuln  an  warn  «M*  H  «N»Nf  ari  /Man Nip  ftf  Mm*  mnMar/ 

A  capacitively  coupled,  RF  glow  discharge  of  silane  in  argon  was  studied  to 
determine  the  spatial  concentration  of  silicon  atoms.  Laser-induced 
fluorescence  was  used  to  determine  the  ground  state  concentration  profiles. 
The  fluorescence  profiles  clearly  show  the  sharp  boundaries  of  the  sheath 
regions.  These  profiles  were  much  mors  sensitive  to  plasma  chemistry  changes 
than  profiles  obtained  from  plasma  emission.  Experiments  with  nitrogen  addi- 
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ABSTRACT 

A  capecltlvely  coupled  rf  flow  discharge  of  silane  In  argon  was 
studied  to  determine  the  spatial  eoncantratlon  of  sllleon  atone*  Laser- 
Induced  fluorescence  was  used  to  determine  the  ground  state  concentration 
profiles*  The  fluorescence  profiles  clearly  show  the  sharp  boundaries  of 
the  sheath  regions*  The  de  bias  voltage,  silane  mqle  fractions,  flow 
rates,  and  chanber  pressure  were  all  varied  to  establish  eha  sensitivity  of 
the  silane  profiles.  The  existing  theory  of  sheath  formation  is  used  to 
qualitatively  understand  the  existence  of  sharp  spatial  boundaries  and  the 
sensitivity  of  the  anode  sheeth  region  to  plasma  chemistry. 


INTRODUCTION 

The  decomposition  of  silane  In  electrical  discharges  has  been  shown  to 
fora  chin  fllaa  of  hydrogenated  aaorphoua  silicon  on  the  electrodes.  These 
films  have  proalae  for  making  Inexpensive  solid  state  devices,  e.g.,  phoco- 
voltaica  II].  If  the  properties  of  the  amorphous  films  are  to  be  opti¬ 
mised,  the  chemical  processes  in  the  gas  phase  and  at  the  gas-surface 
Interface  must  be  understood.  Laser  probes  are  well  suited  fo  the  study  of 
these  gas  phase  chemical  species  because  of  their  high  special  resolution, 
sensitivity,  and  che  variety  of  different  laser  spectroscopic  techniques 
available. 

A  frequently  used  discharge  environment  Is  a  capacltlvely  coupled  rf 
glow  discharge.  In  prevloua  publications  we  have  presented  spatially 
resolved  results  from  laser  excited  silicon  atom  fluorescence  [21  and  from 
particle  light  scattering  (3]  In  a  capacltlvely  coupled  rf  glow  discharge 
of  silane  and  argon.  In  this  article,  wo  present  results  from  recent 
experiments  on  che  nature  of  our  silicon  atom  fluorescence  data.  In  the 
accompanying  article  (4|,  we  d Is  .wee  the  nature  of  particle  light  scat¬ 
tering  and  Its  relation  to  Che  silicon  atom  fluorescence. 


EXPERIMENTAL 

Our  apparatus  le  designed  to  use  laser  probes  with  a  discharge  chat  has 
features  and  parameters  typical  of  discharges  used  by  ocher  Investigators  to 
prspare  amorphous  silicon  films  (l).  Our  laser  system  consists  of  a  dye 
laser  pumped  by  a  pulsed  NdsTAG  laser.  The  dye  beam  can  be  frequency 
doubled  to  produce  a  tunable  UV  beam.  The  laser  system  Is  operated  at  10  Hs 
and  produces  light  pulses  10  ns  In  duration  with  energies  as  high  as  a  few 
milltjoulaa  la  the  visible,  and  a  few  tenths  of  alllljoules  in  the  UV. 


The  discharge  chamber  is  pictured  schematically  In  figure  1.  The  •  -•  _ 

laser  beam  enters  and  exits  the  chamber  through  Brewster  windows  that  irrf '"tension  For 
mounted  perpendicular  to  Che  plana  of  the  paper  in  figure  1.  The  lase£  v>r7  ,  j 

nr-'c  TAB 

U  announced 
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figure  1  Schaaadc  dlagraa  of  Cha  dlaeharga  ehaabar.  The  laaar  an crane* 
and  axle  port*  ara  perpendicular  tq  cha  plana  of  cha  flgura. 


focusing  la  don*  with  a  ealaaeopa  lan*  pair  aouncad  0.5  a  fro*  cha  lujt 
apoc  ats*  of  0. 1-0. 15  aa  aa  dataralnad  froa  flla  bum  paccaraa.  Tha  aloe- 
trodaa  ar*  38  aa  la  dlaaatar  and  aaparatad  bp  22  aa.  Tha  rf  alaecroda  la 
ahtaldad  fro*  cha  ehaabar.  ahlla  tha  ground  alaecroda  la  In  aucual  ground 
wlch  cha  ehaabar.  Thua,  cha  of facet**  ara a  of  Cha  ground  alaecroda  la 
largar  chan  cha  rf  alaecroda.  Tha  algnal  la  dacaccad  chrough  a  collaecloa 
window  aouncad  parpandleular  Co  Cha  laaar  porca.  Ia  ordar  co  present  cha 
foraaclon  of  aaorphooa  allleon  flla*  on  cha  collaecloa  window  and  laaar 
window*,  a  plaaaa  constraining  a  cram  ac  ground  pocandal  la  plaead  around 
cha  dlaeharga  araa.  A  ehaabar  aacaaaloa  Cuba,  chrough  which  cha  a liana 
alxtura  ancara,  la  aaad  co  aaparata  cha  collaecloa  window  froa  cha 
dlaeharga  ragloo  bp  both  flaw  and  dlac 
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Tha  laaar  algnal  ia  dacaecad  bp  laaglag  cha  alit  af  a  0.75  a 
chroaacor,  chrough  a  laaa  pair  of  aportwro  f7.«,  onto  cha  laaar  boaa.  Tha 
algnal  froa  Cha  ante  allc  of  cha  aoaoahroaacar  la  dacaecad  on  a  photo- 
•utclpltor  tuba,  k  taac,  gated  lacagrado*  af  •  100  aa  preside*  digital 
signal*  co  a  aleroaaapwcar.  Tha  olaroeaapucor  control  a  cha  antlra  aicparl- 
aanc,  which  allows  offlelaac  data  eollaedaa  and  aacallanc  signal  asar- 
aglag.  Tha  aoaaehroaacar,  tha  10  aa  pulse  laageh,  aad  gated  dacaedon  all 
ears*  to  dlaerlataat*  agalaat  platan  oat  so to*,  tha  apparataa  la  calibrated 
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b y  filling  eh#  chamber  with  0. 10  torr  o f  benseae  vapor  and  detecting  eh# 
wall  known  fluorescence  spectrum  [5|  u  i  function  of  spatial  position. 

Sigh  resolution  apaclal  profiles  along  eha  axla  of  eha  alaecrodaa  ara 
obtalnad  toy  cranalatlng  tha  vacuum  ehaatoar  with  raapaet  to  eha  fixed  optica 
systea  (aaa  figure  l).  Thla  alleviates  eha  problaaa  involved  with 
retaining  allgnaane  while  eranalaelng  a  laaar  bean.  A  flexible  connection 
to  eha  vacuus  puep  allow#  cheaber  notion,  and  eha  vacuus  punp  and  chanber 
a rates  holds  a  constant  praaaura  to  an  accuracy  of  «  0. IX  by  servo  control 
of  an  argon  leak  between  a  particle  crap' and  eha  punp. 

Silicon  aeon  fluorescence  la  datacted  by  weekly  focusing  ehe  0V  laser 
bean  ineo  eha  discharge  region.  The  laser  wavelength  of  251.13  ns  excites 
ground  state  Si,  3p*  JP«  *  la  3P.°  and  fluorescence  of  the  is  3pt0  * 

3p*  JPj  transition  at  252. 85  na  la  detactad  through  the  sonocHronatac.  Tha 
monochromator  resolution  of  -0.5  na  cleanly  separates  the  2S2.SS  na  eals- 
slon  froa  the  exeltacloa  line  and  the  other  aaabar  of  ehe  erlplet  eslsslon. 
This  separation  nearly  reaches  the  base  line  and  light  scattering  at  ehe 
resonance  excitation  does  not  overlap  ehe  252.SS  na  peak.  The  conventional 
meaning  of  fluorescence,  ealsslon  excited  by  optical  absorption.  Is  used  In 
the  following  eexe.  The  sore  general  exeltacloa  of  ealsslon.  Including  by 
electrons,,  should  not  be  called  f luoreacanee.  The  recent  common  use  of 
LIP,  for  laser  Induced  fluorescence,  la  often  alsused  because  the  laser 
Induced  la  only  needed  whan  aablgulty  eight  exist  as  eo  the  type  of  optical 
excitation. 

RESULTS  AMD  OtSCUSSlOM 

When  an  rf  discharge  la  created,  ton  sheaths  form  near  both  electrodes. 
Sharp  boundaries  suggestive  of  loo  sheaths  are  clearly  evident  In  the  axial 
profiles  of  silicon  atom  fluorescence  presented  in  figure  2.  These  curves 
show  no  electrode  well  effects,  as  determined  froa  the  bensene  experiments. 
In  order  to  understand  these  apaclal  profiles,  the  discharge  parameters 
were  varied  to  probe  both  chealatry  and  elactrlcal  sheath  behavior.  As  the 
total  gas  pressure  was  Increased  at  constant  silane  mole  fraction  and 
discharge  power,  the  intensity  of  the  fluorescence  signal  Increased,  and 
the  location  of  the  peaks  changed  relative  to  the  electrode.  This  Increase 
of  fluorescence  Intensity  with  pressure  lapllea  that  the  total  atoa  con¬ 
centration  has  a  creation  mechanism  Chet  depends  on  pressure.  The  movement 
of  the  fluorescence  peaks  closer  to  Che  electrode  surface  with  Increasing 
pressure  la  compatible  with  ehe  theoretical  concepts  of  Ion  sheath  for¬ 
mation  [6 ] .  This  model  suggests  that  the  product  of  pressure  and  sheath 
distance  to  ehe  electrode  should  remain  constant,  and  this  is  exactly  what 
Is  observed  for  eha  location  of  silicon  atom  fluorescence  peaks.  The 
reason  for  ehe  silicon  atoms  having  boundaries  at  the  sheaths  is  a  key 
object  of  Che  current  research  report,  although  It  Is  obvious  that  It  Is 
related  to  ehe  atom  creation  mechanism.  In  our  earlier  report  (2]  we 
Implied  chat  the  msec  probable  cause  was  ehe  onset  of  high  eleceron  energy 
creation  processes  from  silane  and  silane  fragments. 

The  mole  fraeclon  of  silane  In  argon  la  shown  In  figure  2  to  weakly 
affect  both  the  shape  and  Intensity  of  ehe  silicon  atom  spatial  profllaa. 
The  mole  fracclona  of  22,  (2,  and  92  show  an  Increasing  acomlc  signal  with 
decreasing  mole  fraction  of  silane.  At  these  large  mole  fractions,  one  has 
difficulty  separating  the  effects  of  atom  creation  mechanisms  froa  changes 
In  ehe  discharge  characteristics.  It  is  clear,  however  chat  at  some  point 
there  should  be  e  reduction  In  atoa  lneanalty  aa  one  reduces  the  silane 
mole  fraction.  Furthermore,  whan  one  reaches  ehe  mole  fraction  where  ehe 
eleceron  distributions  are  controlled  by  ehe  dominant  argon  concentration, 
the  spatial  profiles  of  atom  concentration  should  reflect  ehe  electron 
distributions  la  ehe  plasma  sad  sheath  regions  by  a  convolution  of  electron 
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Figure  2  Axial  profile*  of  atomle  silicon  fluorescence  signals  for  dif¬ 
ferent  aole  fractions  of  silane  In  argon:  A  -  22,  B  -  62,  C  - 
92.  The  other  discharge  paranstars  are:  rf  power  5W,  gas  flow 
50  seen,  gas  pressure  0.3  tore,  and  rf  frequency  12'  NHs.  The 
ground  electrode  la  at  0.0  as.  The  rf  electrode  Is  at  22.0  no. 


Inpact  and  other  creation  mechanisms  with  silicon  diffusion  and  loss  pro¬ 
cesses.  The  noraal  model  of  a  plasms  suggests  Chat  a  bulk  plasma  of  fairly 
constant  electron  Impact  chemistry  should  be  bordered  by  the  Ion  sheaths, 
at  which  the  transition  In  electron  distributions  and  electron  Impact  chem¬ 
istry  nay  show  differences  from  the  bulk,  plasma.  Consequently,  one  might 
expect  curves  much  like  those  shown  In  figure  2,  but-  with  smaller  silicon 
atom  signals  for  smaller  aole  fractions  of  silane.  The  silane  la  an  impor¬ 
tant  component  In  controlling  the  electron  Impact  processes  and  changes 
from  2-92  are  probably  greatly  affecting  the  electron  processes  and  there¬ 
fore  the  atom  concentration.  At  smaller  mole  fractions  we  might  expect  to 
reach  a  perturbation  limit,  «diere  the  electron  Impact  processes  are  largely 
controlled  by  argon.  Figure  3  shows  results  from  experiments  performed  at 
silane  mole  fractions  between  0.052  and  0,452.  While  It  Is  not  shown  In 
figure  3,  the  change  from  2.02  to  0.452  reduced  the  sharp  cusp  like 
behavior  to  a  simple  sharp  boundary  at  0.452.  This  type  of  change  from  a 
cusp  to  a  sharp  edge  might  be  expected  on  the  basis  of  discharge  changes 
Involved  In  reselling  a  perturbation  Unit.  The  changes  shown  In  figure  3 
at  lower  nole  fractions  are  not  compatible  with  our  expectation  for  the 
discharge  electron  Impacts  creating  silicon  atoms.  In  particular,  at  0.22 
one  can  observe  a  peak  In  silicon  atom  concentration  ae  3.5  on,  the  orig¬ 
inal  location  of  the  sharp  cuspe  that  appear  to  correlate  with  the  ton 
sheaths.  In  addition,  the  very  low  mole  fractions  of  silane  show  changes 
with  concentration  that  are  not  compatible  with  the  concept  of  a  reasonably 
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Flgura  3  Axial  prof llaa  of  itoale  ailleon  fluoraacanca  algnala  naar  cha 

ground  alaetroda  (0.0  aa),  for  different  no la  fraction*  of  allan* 
in  argon:  A  -  0.43*,  ■  -  0.33X,  C  -  0.20Z,  D  -  O.l'OZ,  E  -  0.05*. 
Thu  athat  dlachargn  paranncara  arc:  rf  power  3U,  gaa  flow 
30  accw,  gaa  praaaura  0.3  corr,  and  rf  frequency  12  HHc. 


unlforn  plaana  bacwaan  ahaatha  that  la  only  weakly  porturbod  by  allan*. 
Howavor,  tha  a ton  algnala  da  raflact  tha  dlacharg*  alaetrlcal  charactar- 
latlca  by  thalr  apatlal  corralatlan  with  Ion  ahaatha,  aapaclally  at  largar 
nola  fraction*  of  allan*. 

In  order  to  further  undoratand  tha  origin  of  tha  atllcon  aton  algnala 
w*  ha*a  don*  a  nun bar  of  other  axperlaanta.  Fro*  laaar-lnducad  fluoraa¬ 
canca  on*  can,  in  principle,  obtain  a  quantitative  aaaaure  of  concentra¬ 
tion.  In  our  initial  calibration  axparlaenta  with  bonaaaa,  wo  ware  able  to 
conclude  chat  the  laaar  power  which  waa  nacaaaary  to  aaa  tha  fluoraacanca 
algnal  above  tha  nola*  waa  far  abova  chat  nacaaaary  to  aatorat*  the  atonic 
tranaltlon.  The  raoultanc  coneantratlon  of  ailleon  atoaa.  In  tha  caaa  of 
aaturatlon,  la  -1  t  lOVec,  baaed  on  tha  abaoluta  yield  of  the  bansana 
anlaalon  and  aaaauranenta  of  focua  voluna,  line  width*,  and  an  unprovan 
aaouaptlon  of  a  alnpla  aaturatlon  nachantan.  However,  tha  axparlaental 
teat  of  aaturatlon  waa  contradicted  by  a  linear  dependence  of  fluoraacone* 
algnal  on  laaar  power.  The  linear  dependence  had  a  non-taro  intercept 
Indicating  ton*  aort  of  power  thraahold,  an  obaarvntlon  that  waa  difficult 
to  undoratand.  In  our  next  effort  to  undarataad  tha  laaar  power  dapandanc* 
of  allicon  aton  fluoraacanca,  an  axparlnent  waa  parfornod  In  which  the 
focua  dlaaatar  of  tha  bean  waa  expanded  by  about  a  factor  of  thro*  to 
-0.33  an.  Additional  focua log  control  and  detection  calibration  auat  yet 
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Figure  A  A  plot  of  lu«r  power  versus  fluorescence  Intensity!  Lino  A 

represents  non-securstloo  limit  behavior.  Una  b  rapraaanta  a 
aaeond  high  power  eechanlaa. 


ba  dona  to  uaa  Cha  focusing  voluaa  changaa  la  a  quantitative  aannar  and 
obtain  an  laprovad  aaclaata  of  atom  concentration.  Mvarthalasa ,  cha 
expanded  area  of  cha  laaar  beam  allows  a  morn  sensitive  measurement  of 
fluoraacanca  signal  versus  laaar  power  density.  The  resultant  data  are 
plotted  In  figure  A.  Although  the  laaar  power  for  all  the  polata  la 
figure  A  are  above  the  calculated  saturation  power,  um  can  more  clearly 
observe  the  ooeec  of  a  linear  power  dependence.  At  lam  powers ,  the  cur¬ 
vature  of  the  plot  la  due  to  typical  saturation  rollover  as  sawn  by  the 
deviation  from  a  linear  behavior  (Una  A).  As  the  power  la  Increased,  a 
second  mechanism  takas  over  which  has  a  linear  dependence  oa  power  with 
some  threshold  (line  I).  The  new  mechanise  is  compatible  with  laser 
excited  erection  of  stoma  from  soma  species  In  the  discharge.  In  order  to 
study  Intrinsic  silicon  atom  concentrations,  much  lower  power  densities 
will  ba  naadad  than  were  used  la  this  work.  The  necessity  for  a  discharge, 
the  spatial  variation  of  silicon  atom  signal,  and  the  intensity  and  spatial 
changes  with  mole  fraction  all  suggest  that  particles  are  the  species  that 
are  reeponslble  for  laser  absorption  and  atom  creation  during  the  laser 
pulse.  A  new  experiment  la  being  planned  that  uses  two  laser  beams  of 
variable  colors  to  probe  the  process  of  particle  absorption  and  atom 
creation.  Ocher  data  showing  correlations  with  particle  signals  are 
la  an  accompanying  paper  (A|. 


In  conclusion,  m  bm  shown  chit  the  obwrad  spatial  profiles  of 
iIUcm  sc  os*  (2)  an  not  derived  from  plasaa  eheelstry  in  a  direct  senna r. 
At  sufficiently  large  laaar  powers,  the  aeon  concancratlona  art  probably 
created  by  absorption  of  radiation  by  particles  that  salat  l if  spatial  zones 
controlled  by  tba  discharge  properties  and  the  discharge  chontatry. 
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